We studied the effects of recombinant growth hormone on systemic nitric oxide (NO) formation and hemodynamics in a double-blind, placebo-controlled trial in adult patients with acquired growth hormone deficiency. 30 patients were randomly allocated to either recombinant human growth hormone (r-hGH; 2.0 IU/d) or placebo for 12 mo. In the subsequent 12 mo, the study was continued with both groups of patients receiving r-hGH.
Introduction
Replacement therapy with corticosteroids, thyroid hormones, and sex hormones has long been used for the treatment of hypopituitarism, but morbidity and mortality of these patients have remained high. This is mainly due to increased risk of cardiovascular disease associated with growth hormone deficiency (1). Growth hormone-deficient patients have a 1.9-fold higher risk of death from cardiovascular disease than agematched controls (1) . However, the relationship between growth hormone deficiency and cardiovascular disease has remained unclear. Data suggest that growth hormone-deficient patients often have high serum cholesterol and/or triglyceride concentrations (2, 3) and low HDL cholesterol levels (4) . Growth hormone treatment reduces plasma cholesterol concentrations (5) . Increased body fat and high body mass index in growth hormone-deficient patients may also increase the risk of cardiovascular disease (4, 6, 7) .
Other as yet not fully appreciated cardiovascular effects of growth hormone may also be involved: growth hormone administration increases heart rate and cardiac output in healthy subjects (8) , which may point to a decreased peripheral resistance. Indeed, decreased total peripheral resistance has been shown after 26 wk of growth hormone administration in 10 patients with growth hormone deficiency (9) . Accordingly, hypertension is frequent among growth hormone-deficient patients (4) .
Most of the physiological effects of growth hormone on the heart and cardiovascular system appear to be mediated by local production of insulin-like growth factor-1 (10) (11) (12) , and the serum concentrations of IGF-1 have been used to measure growth hormone release by the pituitary gland (13) . Endothelial cells possess high affinity binding sites for IGF-1 (14) . Wu et al. (15) were the first to demonstrate that the vascular effects of IGF-1 are endothelium dependent. Haylor et al. (16) further specified these observations by showing that the hemodynamic effects of IGF-1 in isolated perfused kidneys are dependent upon the release of nitric oxide (NO) 1 from the endo-thelium. Moreover, a direct NO releasing effect of IGF-1 has recently been shown in cultured human endothelial cells (17). Nitric oxide, which is synthesized in endothelial cells from the amino acid precursor L -arginine (18) , has been identified as a paracrine mediator of vasodilatation, inhibition of platelet aggregation and leukocyte adhesion, and inhibition of smooth muscle cell growth (19) . Decreased biological activity of NO has been shown to be associated with atherosclerosis and hypertension (20, 21) , and restoration of the biological activity of NO induces antiatherosclerotic effects in animal models of hypercholesterolemia:atherosclerosis (20, 22, 23) . The endogenous formation rate of NO can be assessed by quantifying the urinary excretion of its final metabolite, NO 3 Ϫ , and of its second messenger, cyclic GMP (20, (24) (25) (26) .
In the present study, we investigated in a double-blind, placebo-controlled manner whether systemic NO formation is increased in growth hormone-deficient adults during replacement therapy with recombinant human growth hormone.
Methods
Patients and study design. 41 adult patients with acquired hypopituitarism were screened for the presence of growth hormone deficiency. Patients were selected if growth hormone deficiency acquired in adulthood had been diagnosed at least 1 yr before inclusion into this study, but not already treated with growth hormone. Further inclusion criteria were stable conventional pituitary hormonal replacement therapy and no major concomitant illnesses or malignancies. The presence of recurrent hypophyseal tumor was excluded by cranial computer tomography and/or nuclear resonance imaging. Further exclusion criteria were previous acromegaly, previous treatment with growth hormone, any concomitant serious chronic disease, diabetes mellitus, manifest hypertension, pregnancy, or medication interfering with recombinant human growth hormone (r-hGH) effects. Patients were screened for the presence of growth hormone deficiency (growth hormone response Ͻ 2 ng/ml in hypoglycemic growth hormone stimulation test) and correspondingly low IGF-1 levels ( Ͻ 5th percentile for age and sex, reference 27) at the beginning of the study. A medical history and a thorough physical examination were performed at this time.
Of the 41 patients screened, 11 had to be excluded for the following reasons: plasma IGF-1 not Ͻ 5th percentile for age and sex, n ϭ 1; recurrent hypophyseal tumor, n ϭ 4; concomitant serious chronic diseases, n ϭ 3; hypertension, n ϭ 1; no informed consent given, n ϭ 2.
The remaining 30 patients (mean age, 41.5 Ϯ 2.0 yr; height, 168.4 Ϯ 1.9 cm; weight, 77.1 Ϯ 2.9 kg) with acquired hypopituitarism were included in this study after they had given their informed written consent. The diagnoses and clinical characteristics of these patients at baseline are given in Table I . The study protocol had previously been approved by the Institutional Ethics Committee for Studies in Humans at Hannover Medical School. Patients were invited to the outpatient clinic for a baseline investigation (month 0). Baseline measurements of systemic NO production assessed at this time were compared with data from 30 age-and sex-matched, healthy controls (control group; mean age, 42.0 Ϯ 2.0 yr).
The study consisted of two phases: during the first 12 mo, patients were randomly allocated to treatment with 2.0 IU/m 2 body surface per d of recombinant human growth hormone (r-hGH; Novo Nordisk, Denmark) (GH group), or the corresponding volume of placebo (placebo group), given as a subcutaneous injection using the Nordiject 24 pen injector at 2200 hours, in a double-blind design. During the second 12-mo, patients in the GH and placebo groups were treated with r-hGH in an open study design. At the beginning of the double-blind study phase, all patients underwent a dose-escalation procedure with 0.5 IU r-hGH/m 2 per d in weeks 0-2, 1.0 IU/m 2 per d in weeks 3-6, and 2.0 IU/m 2 per d starting in week 7, or the correspondingly escalating injection volumes of placebo. At the beginning of the open study phase, all patients (previous placebo group as well as previous GH group) underwent the same dose escalation procedure with r-hGH as described above to protect the randomization code. Patients developing persistent symptoms compatible with r-hGH side effects (e.g., oedema, arthralgia, hypertension) were subjected to a single-step dose reduction to 1.0 IU/m 2 per d. In the case of nonremission of symptoms at 1.0 IU/m 2 per day the patient was withdrawn from the study. All concomitant medication remained unchanged during the whole study period.
Follow-up investigations were performed at months 1, 3, 6, 9, and 12, and at month 13, 15, 18, 21, and 24. At each investigation, blood pressure and heart rate were recorded after the patients had remained in the supine position for at least 30 min. A venous plasma sample was drawn for the determination of plasma IGF-1 concentration, and a urine sample was collected for the determination of urinary nitrate and cyclic GMP excretion rates. Plasma and urine samples were kept frozen at Ϫ 20 Њ C until analysis. At months 0, 12, and 24, cardiac output was determined by echocardiography.
Hemodynamic measurements. Blood pressure and heart rate were measured by the standard sphygmomanometric method after the patients had remained in the supine position for at least 30 min. Cardiac output (CO) was measured by echocardiography at baseline and in months 12 and 24 as described by Uehara et al. (28) . Total peripheral resistance (TPR) was calculated from mean arterial blood pressure and cardiac output as TPR ϭ 80 ϫ RR mean /CO and expressed as dyne ؒ s ؒ cm
, with mean arterial blood pressure (RR mean ) ϭ RR dias ϩ 1/3 ϫ (RR sys Ϫ RR dias ).
Biochemical analyses. Urinary NO 2 Ϫ /NO 3 Ϫ was determined as its pentafluorobenzyl derivative by gas chromatography-mass spectrometry as described previously (26, 29) . Briefly, 100-l aliquots of urine were spiked with 250 ng of [ . The suspension was then centrifuged, the supernatant decanted, and alkalinized with 10 l of 4 N NaOH, treated with 500 l of cold acetone ( Ϫ 20 Њ C) and centrifuged. 5 l of pentafluorobenzyl bromide was added to the decanted supernatant and the mixture was allowed to react for 75 min at 50 Њ C. After cooling to room temperature, acetone was removed under nitrogen and the residue was extracted with 1 ml of toluene. The toluene phase was taken up and dried over Na 2 SO 4 . 1-l aliquots thereof were injected into the gas chromatography-mass spectrometry.
Gas chromatography-mass spectrometry analysis was carried out on a triple stage quadrupole mass spectrometer TSQ 45 interfaced with a gas chromatograph 9611 (Finnigan MAT, San Jose, CA). An OV-1 fused silica capillary column (25 m ϫ 0.25 mm i.d., 0.25-m film thickness) from Machery-Nagel (Düren, Germany) was used with helium as the carrier gas (55 kPa). Negative ions were produced by chemical ionization using methane as the reactant gas (65 Pa) at an electron energy of 90 eV and an electron current of 0.2 mA. Quantitation was performed by selected ion monitoring at m/z 46 for endogenous NO 2 Ϫ /NO 3 Ϫ and m/z 47 for the internal standard. The detection limit of the method was 20 fmol nitrite or nitrate. Intraassay variability was below 3.8%.
For the determination of cGMP, urine samples were thawed and centrifuged at 2,500 g (4 Њ C, 10 min). Supernatants were diluted 1 Ϻ 500 in phosphate buffered saline and acetylated by a mixture of acetic acid anhydride/triethylamine. Cyclic GMP content was measured by radioimmunoassay using [ 125 I]cGMP as a tracer and globulin precipitation. The detection limit of the assay was 160 fmol/ml.
Urinary creatinine was determined spectrophotometrically with the alkaline picric acid method in an automatic analyzer (Beckman Instruments, Galway, Ireland). The urinary excretion rates of NO 3 Ϫ and cGMP were corrected by urinary creatinine concentration to reduce the variability due to differences in renal excretory function (25). Serum IGF-1 concentrations were measured by radioimmunoassay as described by Blum and Breier (30) . Serum total cholesterol and HDL cholesterol, and serum triglyceride concentrations were measured according to standard spectrophotometric methods.
Calculations and statistical analysis. All data are presented as mean Ϯ SEM. Data analyses were performed on an intention-to-treat basis. Changes in hemodynamic parameters were tested for statistical significance using ANOVA followed by Scheffé f test with correction of ␣ for multiple tests (31, 32) . The urinary excretion rates of nitrate and cyclic GMP, and the plasma concentrations of IGF-1 were compared by calculating each individual's area under the concentration: time curve (AUC) for months 1-12 and 13-24, and tested for statistically significant differences by ANOVA followed by Fisher's protected least significant difference test. Statistical significance was accepted in all cases for P Ͻ 0.05.
Results
Baseline measurements. Baseline plasma IGF-1 concentration was 99.1Ϯ7.7 ng/ml in growth hormone-deficient patients, and 181.5Ϯ8.3 ng/ml in age-and sex-matched healthy controls (P Ͻ 0.05). Urinary nitrate excretion was 96.8Ϯ7.4 mol/mmol creatinine at baseline in growth hormone-deficient adults, as compared with 167.3Ϯ7.5 mol/mmol creatinine in age-and sex-matched healthy controls (P Ͻ 0.05; Fig. 1) . Similarly, urinary cyclic GMP excretion was significantly lower at baseline in growth hormone-deficient patients (63.6Ϯ7.1 nmol/mmol creatinine) than in healthy controls (155.2Ϯ6.9 nmol/mmol creatinine; P Ͻ 0.05; Fig. 1) .
Clinical observations. Of the 30 patients randomized, 16 were allocated to the GH group and 14 to the placebo group. 20 patients experienced side effects during r-hGH treatment. Symptoms were peripheral oedema (n ϭ 15), arthralgia (n ϭ 9), carpal tunnel compression (n ϭ 8), myalgia (n ϭ 5), and headache (n ϭ 5); they were most often observed in months 3-6. During placebo administration, 8 patients experienced side effects: peripheral oedema (n ϭ 3), arthralgia (n ϭ 4), ex- haustion and fatigue (n ϭ 7), or headache (n ϭ 6). In 16 patients, the dose of r-hGH had to be reduced, after which the symptoms subsided and the study could be continued in 14 patients. A total of 3 patients dropped out during the course of the study (1 during placebo, 2 during r-hGH administration), so that 27 patients completed all phases of the study. Reasons for drop-out were: onset of a generalized tonic-clonic seizure (n ϭ 1, during placebo administration), persistence of severe peripheral oedema during r-hGH administration (n ϭ 1), and incidence of a carpal tunnel syndrome (n ϭ 1, during r-hGH administration).
Serum IGF-1 and lipid concentrations. In the GH group, plasma IGF-1 increased to 418.8Ϯ48.4 ng/ml within the first month of treatment. Plasma IGF-1 concentrations remained above 300 ng/ml for the entire study period in this group (Fig. 2) . In the placebo group, plasma IGF-1 remained at baseline level during the first 12 mo of placebo administration. After initiation of r-hGH treatment in this group, starting in month 12, plasma IGF-1 concentration increased to a level that was not significantly different from the GH group.
Serum total cholesterol and LDL lipoprotein concentrations were higher in the GH group at baseline than in the placebo group; but there was no significant difference in total cholesterol, LDL cholesterol, HDL cholesterol, or triglycerides throughout the rest of the study between the GH and placebo groups (Table II) .
Effects of r-hGH on urinary nitrate and cyclic GMP excretion rates. Urinary nitrate excretion significantly increased in the GH group to 146.0Ϯ28.5 mol/mmol creatinine, whereas in the placebo group it remained on a low, stable plateau during the first 12 mo of placebo administration (Fig. 3 A) . After r-hGH treatment was also started in the placebo patients, urinary nitrate excretion in this group increased to a level almost identical to that in the GH group. Mean urinary nitrate excretion during months 1-12 was 126.4Ϯ9.9 mol/mmol creatinine in the GH group and 88.5Ϯ5.0 mol/mmol creatinine in the placebo group (P Ͻ 0.05). In months 13-24, mean urinary nitrate excretion was 129.0Ϯ10.2 and 132.3Ϫ9.1 mol/mmol creatinine, respectively (P ϭ NS).
The temporal pattern of cyclic GMP excretion was similar to that of nitrate excretion, although the differences between both groups were not quite as obvious (Fig. 3 B) . Mean urinary cyclic GMP excretion was 91.6Ϯ10.4 nmol/mmol creatinine in the GH group and 83.6Ϯ5.7 nmol/mmol creatinine in the placebo group during the first 12 months (P Ͻ 0.05). In the second half of the study period, mean urinary cyclic GMP excretion was 88.5Ϯ8.9 and 109.8Ϯ9.5 nmol/mmol creatinine, respectively (P ϭ NS). The urinary excretion rates of nitrate and cyclic GMP were significantly correlated with r ϭ 0.61 (P Ͻ 0.01). There was a linear correlation between plasma IGF-1 Data are expressed as meanϮSEM. There were no statistically significant differences between the two groups. concentrations and the urinary excretion rates of nitrate (r ϭ 0.26, P Ͻ 0.05) and cyclic GMP (r ϭ 0.32, P Ͻ 0.05).
Hemodynamic effects of r-hGH. Diastolic and systolic blood pressure were not significantly affected by r-hGH or placebo (Fig. 4) ; however, r-hGH significantly increased heart rates by a mean of 8.7Ϯ0.7%. This effect was observed in the GH group within the first month of treatment, and in the placebo group within 1 mo after these patients had also been treated with r-hGH in the second half of the study period (each P Ͻ 0.05; Fig. 4) .
Cardiac output was 3.8Ϯ0.2 liters/min at baseline. At month 12, it was increased by 39.1Ϯ9.9% in the GH group and remained unchanged in the placebo group. At month 24, cardiac output was also increased in the placebo patients who were now also treated with r-hGH (ϩ28.0Ϯ6.7%, P Ͻ 0.05). There was no significant difference between the groups at this time (Fig. 5 A) . Total peripheral resistance was 2,168.0Ϯ123.8 dyneؒsؒcm Ϫ5 at baseline with no significant difference between the groups. It was significantly reduced by r-hGH in both groups (GH group: Ϫ36.3Ϯ3.8%, month 1 vs. month 12; placebo group: Ϫ27.7Ϯ3.9%, month 24 vs. month 12; each P Ͻ 0.05), but was unchanged by placebo (Fig. 5 B) .
The decrease in total peripheral resistance was correlated to the increases in urinary nitrate and cGMP excretion rates with r ϭ 0.34 (P Ͻ 0.05) and r ϭ 0.41 (P Ͻ 0.01), respectively.
Discussion
The salient findings of the present study are that (a) systemic NO formation is impaired in adult patients with acquired hypopituitarism, and (b) NO formation is significantly increased during substitution therapy with recombinant human growth hormone. (c) This increase in systemic NO formation was associated with a decrease of total peripheral resistance and an increase in heart rate.
The risk of cardiovascular disease is increased in patients with growth hormone deficiency. Recent studies have related the increased incidence of cardiovascular disease to the high Figure 4 . Systolic and diastolic blood pressures and heart rates in patients with growth hormone deficiency treated with r-hGH from months 1-24 (GH group; ᭹), or treated with placebo from months 1-12 and with r-hGH from months 13-24 (Placebo group; ᭺). prevalence of hypertension (4) and hyperlipoproteinemia in these patients (2, 33, 34) . In a retrospective study of 12 adults with pituitary deficiency, the prevalence of both hyperlipidemia (77%) and hypertension (18%) was higher than might have been expected from age and sex (35) . Growth hormone substitution therapy has been shown to reduce the cardiovascular risk factor profile and physical performance in patients with growth hormone deficiency (36) (37) (38) (39) (40) . Previous short term studies have revealed that r-hGH favorably affects lipoprotein metabolism, inducing an increase in LDL cholesterol clearance by activating the hepatic LDL receptor (41) with a decrease (36, 42) or no change in total serum cholesterol (38) , and an increase in serum HDL concentration (43, 44) .
Similar inconsistent results have been found for the effects of r-hGH on blood pressure: a favorable decrease in diastolic blood pressure has been noted in a study of 10 growth hormone-deficient patients (9), although hypertension was also observed as a side effect of growth hormone treatment (36) . Other authors also reported no or only marginal increases in blood pressure, although there usually is salt and water retention during r-hGH therapy (40, 45) . This discrepancy between the salt-and water-retentive effect of r-hGH and the absence of major increases in blood pressure has remained unexplained (45) . However, the observation of increased heart rates during r-hGH therapy in our present study as well as in studies previously reported by others (9, 37) points to a decreased peripheral vascular resistance induced by r-hGH administration. This effect has been directly proven in the present study as well as by Caidahl et al. (9) .
Moreover, intimal thickening and accelerated progression of atheromatous plaques, and reduced distensibility of the arterial wall have been found by high resolution ultrasound measurements in the carotid and femoral arteries of patients with hypopituitarism in a case-control study (46) . Reduced distensibility of the aorta has been observed in another study of growth hormone-deficient patients (47) . Both studies may point to a possible decrease in vascular compliance, similar to that seen in atherosclerotic arteries, in growth hormone-deficient patients, the mechanism of which has remained unclear.
One important finding of the present study is that growth hormone deficiency is associated with decreased systemic NO formation. Impaired NO activity has been shown to play an important role in the pathogenesis of cardiovascular disease. The urinary excretion rates of nitrate, the final oxidative metabolite of NO (48), and of its second messenger cyclic GMP have been shown by us and others to be useful indicators of systemic NO formation rates in vivo (27, 49, 50) . We have recently demonstrated that the urinary excretion rates of nitrate and cyclic GMP closely mirror systemic NO synthesis rates independently of renal excretory function, provided that the excretion data are related to urinary creatinine (25). Baseline urinary nitrate and cyclic GMP excretion rates were found substantially lower in the growth hormone-deficient patients than in age-and sex-matched controls screened in the present study. Indeed, these indices of NO formation were as low in patients with growth hormone deficiency as in patients with peripheral arterial occlusive disease and generalized atherosclerosis (nitrate, 121.4Ϯ8.3 mol/mmol creatinine; cyclic GMP, 114.3Ϯ12.8 nmol/mmol creatinine) (R.H. Böger and S.M. Bode-Böger, unpublished observations), whereas those in the control group were comparable with the values we previously found in young healthy volunteers (49) .
Decreased NO activity has been shown to be associated with impaired endothelium-dependent vasodilator capacity (20, 51) , increased platelet aggregability (52), enhanced endothelial leukocyte adhesion (53, 54) , and intimal thickening (20, 22) . These pathophysiological consequences of impaired NO activity resemble the array of cardiovascular sequelae reported for growth hormone deficiency (4, 40) . Therefore, impaired NO formation may contribute to the increased risk of cardiovascular disease in growth hormone-deficient patients.
The cause of impaired NO activity in atherosclerotic patients remains unclear. It may be related to decreased NO synthesis or to increased oxidative inactivation of NO (19, 55) . Increased LDL lipoprotein concentrations have been shown to impair nitric oxide formation and/or activity in vitro (56, 57) . This may also have contributed to a certain degree to decreased baseline NO formation in the growth hormone-deficient patients in our present study, although for two reasons this may not be the main cause: firstly, although the LDL concentration was significantly lower in GH group at baseline as compared with the placebo group, there was no significant difference in the indices of NO formation between the groups. Secondly, a similar increase in urinary nitrate and cyclic GMP excretion was observed in both groups during the administration of r-hGH (GH group: months 1 vs. 0, ϩ40.4Ϯ17.5% for nitrate and ϩ42.2Ϯ15.5% for cyclic GMP; placebo group: months 13 vs. 12, ϩ60.7Ϯ38.6% for nitrate and ϩ57.2Ϯ33.0% for cyclic GMP), although in the placebo group no reduction in serum LDL cholesterol concentration was induced by r-hGH treatment.
There may be a more evident reason for impaired NO activity in growth hormone-deficient patients, as growth hormone exerts at least part of its effects via IGF-1, and IGF-1 has been shown to have a direct stimulatory effect on NO synthesis by cultured endothelial cells (17) . NO in turn is responsible for the hemodynamic effects of IGF-1 in isolated perfused kidneys (16) . The patients in our present study were selected under the premise that their serum IGF-1 levels were below the Data are expressed as meanϮSEM. *P Ͻ 0.05 for GH vs. Placebo group at baseline. There were no statistically significant differences between the two groups at any of the other time points.
fifth percentile according to age and sex (27) . Thus, the low urinary nitrate and cyclic GMP excretion rates may have reflected a decreased IGF-1-stimulated endothelial NO synthesis. There are several lines of evidence to strengthen this interpretation: (a) low basal IGF-1 serum concentrations were associated with low basal urinary nitrate and cyclic GMP excretion rates. (b) The increase in serum IGF-1 concentrations during r-hGH treatment was associated with increased NO index metabolic excretion. During r-hGH therapy, urinary nitrate excretion reached values that were comparable to healthy agematched controls. (c) Urinary nitrate excretion was correlated to the hemodynamic response to r-hGH therapy.
Recent experimental evidence supports our present suggestion that NO release may be involved in the beneficial cardiovascular effects of growth hormone therapy, as it could be demonstrated by Motani et al. (58) that IGF-1 modulates monocyte adhesion to cultured endothelial cells via NO. Monocyte adhesion is regarded as one important, early step in atherogenesis (53) , as monocytes present in the vascular wall contribute to the progression of atheromatous lesions; e.g., by releasing superoxide anions and growth factors (23, 59 ).
In conclusion, our present data strongly suggest that NO production is impaired in adult patients with untreated growth hormone deficiency. Treatment with recombinant human growth hormone increases nitric oxide formation. The beneficial cardiovascular effects of growth hormone in these patients may thus be mediated via IGF-1ϺNOϺcyclic GMP.
